The northernmost and relatively youthful segment of the San Andreas fault system is situated within a 100+ km wide zone of northwest trending strike-slip faults that includes, from west to east, the San Andreas, Maacama, and Bartlett Springs faults. Although the San Andreas fault is the principal strike-slip fault in this system, it has been virtually aseismic since the 1906 earthquake. Moderate levels of seismicity locate to the east along the Maacama fault and, to a lesser extent, the Bartlett Springs fault at focal depths typical of other strike-slip faults within the San Andreas fault system in central California. North of the San Andreas fault system, within the Cape Mendocino area, earthquakes occur at depths of up to 40 km and primarily reflect internal deformation of the subducting Garda slab, and slip along the Mendocino Fracture Zone. Seismicity along the Maacama and Bartlett Springs faults is dominated by right-lateral to oblique-reverse slip along fault planes that dip 500-75 ø to the northeast. The northern extent of seismicity along these faults terminates near the surface projection of the southern edge of the Garda slab. The onset of seismicity along these faults may be related to the abrupt change in the elastic thickness of the North American plate as it enters the asthenaspheric window. The Maacama and Bartlett Springs faults are strike-parallel with active reverse faults within the forearc region of the Cascadia subductian zone. This preexisting structural fabric of northwest trending reverse faults in the forearc area appears to have strongly influenced the initial slip and complexity of these faults. Continuation of the moderately dipping Maacama fault to the southeast along the steeply dipping Healdsburg and Rodgers Creek fault zones and the near-vertical Hayward and Calaveras fault zones in the San Francisco Bay area suggests that these faults evolve toward a more vertical dip to minimize the shear stresses that tend to resist plate motion. INTRODUCTION The San Andreas fault system in northern California accommodates relative motion between the Pacific and North American plates across a 100+ km wide zone of distributed right-lateral shear. The seismicity associated with different members of this fault system form a network of northward branching faults (Figure 1) that include the San Andreas fault to the west; the Hayward, Rodgers Creek, Healdsburg, and Maacama fault zones just east of the San Andreas and farther to the east, the Calaveras, Concord, Green Valley, and Bartlett Springs faults [Herd and Helley, 1977; Hill et al., 1990].
. However, the Maacama fault is slightly oblique (10ø-15 ø to the east) to a small circle (Figure 1) . This 10ø-15 ø sense of obliqueness in the strike of the Maacama fault, with respect to direction of North America and Pacific plate motion, appears to continue northward into the forearc region of the Cascadia subduction zone (Figure 1) .
Ongoing convergence in northern California, between the Gorda and North American plates is partially expressed as compressional deformation within the forearc region of the southern Cascadia subduction zone and is characterized by a fold and thrust belt that is about 90-100 km wide [Clarke, 1992] . These structural features consist of Neogene to Quaternary accretionary folds and low-high angle reverse faults that strike northwest-southeast [Kelsey and Carver, 1988; Clarke, 1992] . Previous mapping of the northwest-southeast trending, northeast dipping Garberville and Lake Mountain faults located along the eastern extent of this fold and thrust belt (Figure 1) interpreted a narrow --•50-km-wide domain associated with faults showing reverse and right-lateral motion [Kelsey and Carver, 1988] . The amount of translation that has occurred along these faults is uncertain, but recent mapping has suggested that there might have been at least 1-2 km of lateral translation along the Garberville fault since the Late Cenozoic (G. A. Carver, Humboldt State University, personal communication, 1992). Lateral slip along the Lake Mountain fault is less certain and inferred from alignment of sag ponds, pressure ridges, and other geomorphic lines of evidence. Jachens and Griscom [1983] interpreted gradients in the magnetic field and isostatic residual gravity field in northern California to mark the southern edge of the Gorda plate where it has subducted beneath the North American plate (Figure 1) . The southeast trend of the inferred slab edge between Cape Mendocino and the Bartlett Springs fault area parallels the current direction of plate motion for the Pacificsouthern Juan de Fuca (Gorda) plates. The eastern and deeper trend parallels the plate motion direction at --•3.5 Ma [Riddihough, 1984] . Jachens and Griscom [1983] show that the top of the Gorda slab is at about 7-8 km depth beneath Cape Mendocino and deepens to a depth of 20 km, about 120 km to the southeast near where the Bartlett Springs fault terminates (Figure 1) . Interpretation of the gravity data for slab position east of the Bartlett Springs fault is difficult because the signature of the slab is masked by the overlying Great Valley Sequence [Jachens and Griscom, 1983] . East of Cape Mendocino and beneath the Great Valley, seismicity data define a 200-30 ø dipping Wadati-Benioff zone associated with the Gorda slab extending down to 80-90 km depths [Cockerham, 1984; Walter, 1986; Dewey et al., 1989] .
The Coast Ranges of northern California are associated with a broad, heat flow high which appears to increase in amplitude southward from Cape Mendocino and reaches a maximum about 250 km south of the triple junction. Presumably, this is a consequence of the northward migration of the triple junction and the Gorda plate that leaves in its wake an asthenospheric "window" below the North American plate immediately south of the Gorda slab [Dickinson and Synder, 1979; Lachenbruch and Sass, 1980] . Lachenbruch and Sass [1980] suggested that the lithosphere beneath the Coast Ranges thickens to the south by thermal accretion with the heat source situated in the mid to upper crust (-< 20 km depth). Furlong et al. [1989] suggests that the geometry of the lower crust/upper mantle transform plate boundary between the Pacific and North American plates has both spatial and temporal temperature dependencies, such that immediately south of the triple junction the lithospheric plate boundary does not correspond to the surface trace of the San Andreas fault, but is located about 30-40 km east. [Klein et al., 1988] . The stations in the TERA Corporation network in the Mendocino area were in operation between 1974 to 1986. In 1980, an expansion of the USGS Northern California Network was completed, which brought the total of recording stations to 65 in the region between Clear Lake and Cape Mendocino (Figure 2) . Seismicity recorded over the period from 1980 to 1991 provides the data used in this study. Selected events are within the magnitude range of 1.5 _< M -< 4.5 (duration magnitudes). Only one earthquake larger than M5 (1962 local magnitude ML5.2, 39.1øN 123.3øW, 20 km southwest of Ukiah) has occurred in this region since the 1906 San Francisco earthquake [Bolt and Miller, 1975; Toppozada and Cramer, 1978; Ellsworth et al., 1981; Ellsworth, 1990 ].
CRUSTAL STRUCTURE AND VELOCITY MODEL
The Coast Ranges of northern California are composed primarily of the Franciscan Complex with structure dominated by widespread northwest trending faults, folds, and melange fabrics [Jennings et al., 1977; Jones et al., 1978] . Because of the likely geologic variations within the Franciscan assemblages in this study area [Jennings et al., 1977] , we determined local variations in velocity structure and station delays throughout the region ( Figure 2 . Over 450 events of M -> 2 recorded by 10 or more stations were used to estimate these parameters. The number of events used in each model shown in Figure 2 is provided in (Figure 2 ). Each source region was divided into specific subregions to better image the spatial variation in seismicity within the study area [Hill et al., 1990] and to model potential east-west variations in the mineral/textural assemblages of the Franciscan Complex [Jennings et al., 1977] .
1989]. This algorithm simultaneously estimates hypocenter and velocity parameters to determine a series of onedimensional (l-D) velocity models and associated station delays for specific geographic locations as shown in

Source regions for which 1-D velocity models and related station delays were developed include the Maacama and the Bartlett Springs fault zones, regions east and west of the Bartlett Springs fault zone, the northern termination of the Maacama and Bartlett Springs faults, the Point Arena and coastal areas, and the Cape Mendocino region
Diagonal elements of the resolution R matrix used in the generalized inverse scheme for velocity layers within the 3.5 to 12.5 km depth range had values between 0.85 and 0.95, and standard errors that ranged from 0.01 to 0.02 km/s. This Note that velocities below 20 km for each model, with the exception of model MEN, could not be constrained due to a lack of ray path coverage. Also shown are the number of events used in the calculation of each model. suggests that this series of one-dimensional (I-D) velocity models is a reliable representation of the average crustal velocity structure, at least in areas of ample seismic coverage. Areas of dense seismicity was used to determine the 1-D velocity structure ( Figure 2 ). Earthquakes falling outside the circled regions are located using a weighted-average between models. Earthquakes situated outside all of the models were located with the MAA model. Refinements in the average velocity structure reduced the data misfit which improved the relative location accuracy and provided the means to generate focal mechanism with improved takeoff angles. Absolute errors are unknown since we did not have explosive data. The regions encompassed by the six velocity models are shown in Figure 2 , and the models and the associated station corrections are provided in Tables 1 and 2. The average velocity structure in the vicinity of the Maacama and Bartlett Springs fault zones are similar ( Figure  3 ). The P wave velocity structure for the upper 2 km ranges between 3.5 and 4.75 km/s and is underlain by a steep velocity gradient in a 10-13 km thick layer with velocities of 5.40 km/s at the top, increasing to 5.90 km/s at the base. The deeper earthquakes in the Mendocino area indicate that the 5.9 km/s velocities continue to about 18 km before encountering a velocity increase to 6.8 km/s ( Figure 3 and Table 1 ). , 1982] , implying that the Franciscan Complex in the northern California Coast Ranges [Jennings et al., 1977] continues down to at least 15-20 km depth.
This velocity model is similar to the velocity models for the Franciscan Complex based on three-dimensional (3-D) velocity analysis south of Clear Lake along the southern Maacama and Healdsburg faults [Eberhart-Phillips, 1986] and on explosion refraction experiments south of the San Francisco Bay area [Walter and Mooney
Using the six VELEST 1-D velocity results ( Figure 3 and Table 1 ), we relocated the 1980-1991 seismicity (Figure 4 ) using the hypocentral location program HYPOINVERSE [Klein, 1989] . Focal mechanisms of representative earthquakes ( Figure 5 ) were computed and displayed using FPFIT and FPPLOT [Reasenberg and Oppenheimer, 1985] .
SEISMOTECTONICS OF THE NORTHERN SAN ANDREAS FAULT SYSTEM
The results of relocating the earthquakes for the 1980-1991 period (Figures 4-9) illustrate the spatial distribution, the fault geometry, and the dominate pattern of seismic strain release for the area between Point Arena and Cape Mendocino. Earthquakes shown in Figures 4-9 are of magnitude M > 1.5, with a root-mean-square (rms) < 0.15 s, standard horizontal error < 1.0 km, and standard vertical error < 2.5 km. Earthquake focal mechanisms discussed in the text can be found in Table 3 The number in parentheses is the number of readings used to determine the station delay. Delays without a number indicate the readings were less than 4.
right-lateral on dipping fault planes. Although several events display a small component of oblique-reverse slip, strike-slip motion predominates. For most events, at least one of the nodal planes is consistent with a structure that dips 50 ø to 75 ø to the northeast (Figures 7 and 8) . (Figure 4 and profile B in Figure 8) .
To test the reliability of a northeast dipping nodal plane, we subjected the focal mechanisms shown in Figure 5 to additional tests. We constrained one nodal plane to be vertical but allowed the strike of this nodal plane to vary between N 15ø-35øW (strike range of the Maacama fault), but left the rake unconstrained . For earthquakes 1, 6, 11, 12, 27,  41, 48, and 53 (Figure 5) , the misfit at the 90% confidence level for the constrained solution was greater than a misfit for the unconstrained solution, indicating that these earthquakes indeed have a northeast dipping fault plane ( Figure  9) . In contrast, earthquakes 4 and 29 can be fit equally well by either a dipping or vertical fault plane.
The northeast dip of the Maacama fault zone steepens from north to south. Near its northern terminus, there are two distinct subparallel faults that project to the surface traces of the Maacama fault zone (profiles F and G in Figure   9 ). In profile F the most seismically active fault strand dips about 60 ø while the other less pronounced fault strand dips about 50 ø . The 50 ø dipping structure is also apparent in profile G, whereas the seismicity associated with the 60 ø dipping fault becomes diffuse at about 10 km depth. The 50 ø and 60 ø double fault zone geometry in the north coalesces to a single fault structure dipping at about 70 ø to the northeast in profile H (Figure 9 ). This segment of the Maacama fault near Willits includes the November 21, 1977, M4.9 Willits earthquake (profile B in Figure 8 and profile H in Figure 9 ) [Simon et al., 1978; Warren et al., 1985] . The focal mechanism associated with the Willits earthquake shows it to be pure right-lateral strike-slip along a structure dipping -80 ø to the northeast (Figures 8 and 9) . In profiles I, J, and K of Figure 9 , diffuse seismicity along the Maacama fault zone concentrates between depths of 5-10 km, making it difficult to identify a particular fault trace. South of Clear Lake, where the southern end of the Maacama steps to the west to join with the Healdsburg fault, the seismicity is also diffuse and is interpreted to consist of a series of multiple fault strands [Wong, 1990] .
Unusually deep earthquakes were also observed near the west shores of Clear Lake (profiles A and B in Figure 8 Figure 6 ), suggesting that distributed shear strains in this area maybe accommodated along multiple fault strands. At its northern end, seismicity associated with the Maacama fault terminates abruptly near the town of Laytonville, above the inferred southern edge of the Gorda slab. Earthquake P axes for earthquakes fall into two groups: a northnortheast trend consistent with right-lateral slip along northeast dipping faults (e.g., earthquake 12, 40, and 44), and a northeast trend which is nearly perpendicular to the Maacama fault (e.g., earthquake 24) related to both strike-slip and oblique reverse slip along more westerly striking nodal planes (Figures 5 and 6 ).
An off-fault trend of earthquakes occurs between Clear Lake and Point Arena, along a 25 x 10 km long westnorthwest trending zone with hypocentral depths restricted to the upper 10 km depth (Figures 4 and 5 (Figures 1, 2,  and 4) [Dehlinger and Bolt, 1984; Hill et al., 1990; Wong, 1990 ]. The surface trace of the Bartlett Springs lacks largescale, fault-generated morphology typical of mature strikeslip faults (e.g., pressure ridges and offset channels). One exception is at Lake Pillsbury, where the fault steps slightly to the east, forming a small pull-apart basin (Figure 4) . Earthquake focal mechanisms along the Bartlett Springs fault are primarily right-lateral strike-slip, with northwest trending and northeast dipping nodal planes (Figures 4 and  5) . The similarity between the style of faulting seen along the Maacama and the Bartlett Springs faults indicates that the region as a whole accommodates Pacific-North American plate motion (Figure 4) Focal mechanisms (from left to right are 22, 16, 15, and 10 Figure 4) can be separated into two classes based on depth and P and T axes (Figures 5 and 6) . Earthquakes occurring at depths > 15 km (earthquakes 3, 8, 15, 16, and 32) are associated with northeast trending P axes and T axes that plunge between 10 ø and 60 ø in a direction subparallel to the southern edge of the Garda slab (Figures 5 and 6) . We interpret these deeper events with southeast plunging T axes to indicate downdip tension within the Garda slab. The reverse to obliquereverse earthquakes occurring at depths <15 km (earth- F, 51, 12, 40, 19, and 35; profile G, 4; profile H, 47,  48, November 21, 1977 M4.9 Willits Earthquake, 53, and 33; profile  I, 55, 54, 27, and 56; profile J, 23, 2, 21, 38, and 34; profile K, 14, 58,  45, and (Figures 5 and 6 ).
DEVELOPMENT AND EVOLUTION OF THE NORTHERN
SAN ANDREAS FAULT SYSTEM
The Pacific-North America plate boundary lengthens at a rate of about 5 cm/yr in the wake of the northward migrating Mendocino triple Junction [Atwater and Molnar, 1973; Atwater, 1989 ]. When the triple junction passes, subduction processes beneath the North American plate cease, and the Pacific-North American plate boundary lengthens. In lengthening, it inherits a compressional tectonic fabric originally formed within the Cascadia forearc region. This fabric is made up of low-to high-angle reverse faults and compressional folds whose axes parallel the trend of the reverse faults which are currently active to the east and northeast of Cape Mendocino (Figures 1 and 4) . Generally, these reverse faults dip to the northeast as do most of the regional structures in the offshore areas [Kelsey and Carver, 1988; Clarke, 1992] . Based on heat flow [Lachenbruch and Sass, 1980] , gravity [Jachens and Gt•scom, 1983] , and seismicity data (this study), the southern edge of the Gorda slab appears to delineate a boundary between two tectonic provinces: convergent processes active within the forearc region and transform processes associated with the San Andreas fault system. Based on similar fault strike/dip geometries between the Garberville-Maacama and Lake Mountain-Bartlett Springs fault pairs [Pampeyan et al., 1981; Kelsey and Carver, 1988] and seismicity along the Maacama and Bartlett Springs faults, we suggest that transform slip along the northern end of the San Andreas fault system initiates along preexisting structures, such as the Garberville and Lake Mountain faults (Figures 1 and 4) Near the eastern reaches of the Cascadia forearc region, Gorda slab earthquakes nucleating at >20 km depths (e.g., earthquakes 32 and 42), show northeast directed P axes and subhorizontal T axes (Figures 5 and 6) , indicating that the area is responding in a limited manner to both the North American/Pacific plate motion and North American/Gorda plate motion (Figures 5 and 6) . The spatial evolution of the Maacama, Rodgers Creek, Healdsburg, Hayward, and Calaveras faults is depicted in Figure 11 . Fault dips range from 50 ø to 75 ø along the northern reaches of the Maacama fault (profile L) to nearly vertical along the Calaveras fault (profile N). Seismicity studies along the Rodgers Creek and Healdsburg faults [Wong, 1990] found these faults to dip 750-80 ø to the northeast (profile M in Figure 11 ). The northeast dip of about 85 ø along the Calaveras fault (profile N in Figure 11) is based on aftershock studies associated with the 1984 M6.2 Morgan Hill earthquake [Michael, 1988; Oppenheimer et al., 1988] , while farther south, the San Andreas fault in Bear Valley is defined as a purely vertical structure [Ellsworth, 1975] .
One possibility is that slip along the Hayward and Calaveras faults also originated along northeast dipping structures about 10 Ma, when the triple junction was located near the present latitude of San Francisco [Drake et al., 1989 ], but has subsequently evolved into a near-vertical fault. Steeper faults might develop as branches from the original dipping structure are more favorably oriented to accommodate plate motion [Michael, 1990] . Newly formed near-vertical faults, and the originally dipping structures, may jointly accommodate right-lateral motion until the near-vertical faults form an extensive fault zone. Presently, it appears that the Cala-verBs-Hayward-Rodgers Creek-Healdsburg faults form a single zone, unconnected to the southern end of the Maacama fault [Bilham and Bodin, 1992] . Where the faults zones appear not to be connected, the seismicity is diffuse (Figure  4) [Lachenbruch and Sass, 1973 ]. Lachenbruch and Sass [1980] modeled the heat flow with a "line source" located at a depth of about 20 km at the southern edge of the Gorda slab. In their model, the isotherms in the upper crust would shallow southward due to a time lag in the conductive heat transport mechanism. This effect may be inferred in the seismic data, which show a southward shallowing of the base of the seismogenic layer along the Maacama fault from 10-12 km near Laytonville to 8-10 km near Clear Lake (profile B in Figure 8 ). Secondary heat sources from the geothermal fields in The Geyers area and possibly from remnant magmatic activity associated with the Clear Lake volcanics might also contribute to the shallowing of the seismogenic zone near Clear Lake.
Alternatively, Miller and Furlong [1988] suggests that the depth to the base of the seismogenic zone is not thermally controlled, but is caused by a combination of low strain rate and low deviatoric stresses. Miller and Furlong [1988] Figures 8 and 9) . Eastward deepening of the seismogenic zone from 12 to 18 km is similarly associated with the Hayward-Calaveras-Green Valley fault zones in the San Francisco Bay area [Ellsworth et al., 1982; Hill et al., 1990 Hill et al., , 1991 ]. This regional deepening of seismicity to the east is consistent with an eastward decline in heat flow [Lachenbruch and Sass, 1973 Williams and Lachenbruch, 1991] . Alternatively, the deepening of the base of the seismogenic zone may reflect an eastward thickening of the North American plate either by a thicker accumulation of material within the Franciscan Complex to the east within the accretionary wedge, or by material thermally accreting to the base of the plate [Lachenbruch and Sass, 1980 ].
CONCLUSIONS
The development and evolution of the San Andreas fault system in northern California is closely tied to the northward migration of the Mendocino triple junction [Dickinson and Synder, 1979; Sass, 1973, 1980] . In particular, the abrupt decrease in the elastic thickness of the North American plate, south of the southern edge of the Gorda slab, acts to concentrate shear stresses, permitting transform-related slip along the most optimally oriented faults. For the inboard and youthful members of the San Andreas fault system, the initial North American/Pacific plate motion is being accommodated along the Maacama and Bartlett Springs faults. Seismicity along the Maacama and the Bartlett Springs fault zones is dominated by nearly pure strike-slip and oblique-reverse motion along fault planes that dip 500-75 ø to the northeast. Although the seismicity associated with the Maacama and the Bartlett Springs faults terminates with the surface projection of the southern edge of the Gorda slab, the northward extrapolation of these faults is coincident with the Garberville and Lake Mountain faults, respectively. We infer from these observations that initial transform motion occurs along faults that had previously existed as reverse faults within the Cascadia forearc area. The southward continuity in the seismicity that includes the northeast dipping Maacama fault, the steeply dipping Healdsburg and Rodgers Creek faults, and the near-vertical Hayward and Calaveras faults indicates that the fault system evolves toward a vertical fault. Since a near-vertical fault minimizes the shear stresses that tends to resist plate motion, the apparent reorientation of these faults indicate that the Calaveras and Hayward fault zones currently reflect a more mature stage of fault development than does the Maacama fault.
